Interferon production was induced in a strain of human diploid foreskin cells with poly(I) * poly(C). Cycloheximide was included in the culture medium at the time of addition of the inducer. Actinomycin D was added to the cultures 4 or 5 hr later, before the inhibition of protein synthesis was reversed at 6 hr. Thus, subsequent interferon synthesis had to be directed by messenger RNA synthesized before addition of actinomycin D. The amount of interferon produced after such treatment was about 50-fold greater than in cells induced with poly(I). poly(C) but not treated with inhibitors. Experiments using cordycepin suggested that in spite of the continued presence of the inducer the synthesis of the bulk of interferon messenger RNA was completed within the first 2 hr of exposure of cells to poly(I) * poly(C) and cycloheximide. Transcription ofinterferon messenger RNA was apparently not affected when interferon synthesis was suppressed to various degrees by different inhibitors of protein synthesis, indicating the independence of transcription and translation. The high rate of interferon synthesis after the reversal of cycloheximide action was more sustained at 320 than at 37°. The rate of decrease of overall protein synthesis in cells treated with actinomycin D and then incubated either at 320 or 370 showed a similar dependence on incubation temperature, suggesting that the stability of messenger RNA (or of another actinomycin D-sensitive component required for protein synthesis) was greater at the lower temperature.
Experiments with metabolic inhibitors in cultures of rabbit or human cells suggested that the process of interferon induction by poly(I) -poly(C) requires de novo synthesis of interferon mRNA and its translation into the interferon protein (reviewed in ref. 1) . In cultures induced with poly(I) * poly(C) and incubated in the presence of cycloheximide for several hours, the removal of cycloheximide was followed by a burst of interferon production, coinciding with the rapid resumption of protein synthesis after the reversal of cycloheximide action. The amount of interferon produced after such a short exposure of induced cultures to cycloheximide was greater than in control cultures induced with poly(I) -poly(C) but not treated with cycloheximide. The yield of interferon was enhanced even further in cultures to which actinomycin D was added 30-60 min before the reversal of cycloheximide action (2, 3) .
The paradoxical enhancement of interferon production by judicious treatment with inhibitors of protein and/or RNA synthesis has been referred to as "superinduction"-a term originally coined for the paradoxical enhancement of tyrosine aminotransferase levels in hydrocortisone-induced cells by treatment with actinomycin D (4) . Many other instances of increased enzyme activity after addition of actinomycin D to cells actively synthesizing a specific enzyme have been reported (reviewed in ref. 5 ). This phenomenon, most thoroughly studied in the tyrosine aminotransferase system, has been ascribed to the preferential inhibition by actinomycin D of a regulatory protein exerting negative control over enzyme synthesis at a posttranscriptional level (6) , although alternative interpretations have also been suggested (7, 8) .
The experiments described in this communication sought to analyze the events occurring during the superinduction of interferon production. The results suggested that the treatments with metabolic inhibitors resulting in enhanced interferon synthesis lead to a stabilization of interferon mRNA. A somewhat similar effect was produced by the lowering of incubation temperature during translation of interferon mRNA. The rate of decline of overall cellular protein synthesis in cultures treated with actinomycin D was also slower at the lower incubation temperature.
MATERIALS AND METHODS
Cell Cultures. A strain of diploid human fibroblasts (FS4), derived in this laboratory from a single neonate foreskin, was used throughout. This cell strain has been identified as a high interferon producer (Havell and Vilbek, in preparation). The cells were grown in Eagle's minimal essential medium (MEM) with 5 or 10% heated fetal-calf serum as described (9) . Confluent, 12-day-old cultures grown in 60-mm plastic petri plates were used in all experiments. The maintenance medium consisted of MEM with 2% heated fetal-calf serum or 0.5% human plasma-protein fraction (Armour Pharmaceutical Co., Chicago, Ill.), as specified. The volume of medium was 5 ml per plate during growth and 2 ml per plate during the experimental procedures. The incubation was in a humidified CO2 incubator at 370, unless specified.
Interferon Assays. The semi-micromethod for titration of human interferon has been described (9 (9, 10) . The addition of actinomycin D to rabbit kidney-cell cultures up to 1 hr after stimulation with poly(I) -poly(C) greatly reduced interferon production while its addition at 2 hr or later had no inhibitory effect (10, 11) . The inhibitory effect of actinomycin was likely to be due to the suppression of mRNA synthesis since the adenosine analogue, toyocamycin, had no inhibitory effect on interferon production at dose levels that greatly reduced ribosomal RNA synthesis while leaving cytoplasmic mRNA synthesis relatively unaffected (12) . Cordycepin preferentially inhibits the synthesis of cytoplasmic mRNA, apparently by interfering with the synthesis of polyadenylate and the transport of mRNA from the nucleus to the cytoplasm (13, 14) . Although we cannot rule out that the synthesis of other species of RNA was also affected, the results shown in Table 1 can most likely be interpreted to mean that the bulk of interferon mRNA synthesis in the cultures took place within the first 2 hr of the addition of poly (I) -poly(C), despite the fact that the inducer was present in the cultures during the entire 6-hr period.
The addition of cordycepin at the later intervals, particularly at 3 or 4 hr, increased interferon production, i.e., it had an additional superinducing effect. In this respect the action of cordycepin also resembles that of actinomycin D; the latter inhibitor produced a maximal increase of interferon production when it was added 3 or 4 hr after the exposure of FS-4 cells to poly(I) -poly(C) and cycloheximide (Havell and Vilcek, in preparation). We also determined that cordycepin t Cultures were treated with the appropriate inhibitor(s) in serum-free MEM. Poly(I) .poly(C) (100 jig/ml) was added to all cultures 30 min after the onset of this treatment. At 1 hr the cultures were washed free of poly(I) -poly(C) and replenished with medium containing the same concentration of inhibitor(s). The fluids were collected at 6 hr, dialyzed to remove the inhibitors, and assayed for interferon.
I Cultures were treated with the appropriate inhibitor(s) in serum-free MEM. Poly(I) *poly(C) (100 jg/ml) was added 30 min after the onset of inhibitor treatment. Actinomycin D (1 jug/ml) was added to all cultures at 4 hr. At 6 hr the cultures were washed free of the inhibitors and poly(I)-poly(C), and replenished with MEM containing 0.5% human plasma-protein fraction. Fluids were collected for interferon assays 24 hr after the removal of the inhibitors. ND, not done. § Same as t, except for the omission of poly(I)-poly(C). ¶ Same as t, except for the omission of poly(I) .poly(C). (10,, 15-17) . Therefore, it seemed worthwhile to compare the interferon yields from cultures induced in the presence of cycloheximide and/or puromycin. One set of cultures was used to determine the interferon yields produced in the presence of the inhibitors of protein synthesis. In other groups, the production of interferon was measured only after reversal of the action of the inhibitors of protein synthesis and addition of actinomycin D (Table 2) .
Despite the high degree of inhibition of cellular protein synthesis afforded by cycloheximide or puromycin, as measured by [3H ]leucine incorporation, interferon yields produced in the presence of these inhibitors were reduced only by 50 or 75%, respectively, as compared to the amount of interferon produced in the absence of any inhibitor treatment. (Nevertheless, as it will be explained in the Discussion, these findings can be reconciled with the assumption that even the interferon produced in the presence of inhibitors of protein synthesis is newly synthesized interferon.) The combination of cycloheximide and puromycin was much more effective in inhibiting interferon production. In spite of these differences in the direct action on interferon production, the treatment of cells with both inhibitors of protein synthesis separately, or with the combination of the two inhibitors, resulted in very similar groups of cultures received actinomycin D 4 hr after the addition of inducer while the other two groups were not treated with actinomycin. All cultures were washed and replenished with inhibitor-free medium 6 hr after induction. One group of actinomycin-treated cells and one group not treated with actinomycin were shifted to 320 while the remaining two groups of cultures were incubated at 37°. The kinetics of interferon production were determined separately in the four groups of cultures. All cultures showed a rapid initial burst of interferon production after the reversal of cyloheximide action but the rates of decline of interferon production were strikingly different in the four groups. Both the addition of actinomycin D or the shift to 320 markedly prolonged the time during which interferon was produced at a high rate in the cultures-as measured by its accumulation in the culture fluid. The overall interferon yields were also increased. (Fig. 2) . In the first 15 min interferon levels were higher in the cell extracts than in the culture fluids. No significant differences were seen in the levels of intracellular interferon at the two temperatures. There appeared to be a slight delay in the appearance of extracellular interferon at 32°as compared to 37°. However, this small delay in the release would not be sufficient to account for the marked differences in the rates of interferon production at the two temperatures shown in Fig. 1 .
The experiment shown in Table 3 served to confirm the conclusion that the sustained high rate of interferon production at 320 was the result of continued intracellular interferon synthesis at this temperature. Cultures induced in the presence of cycloheximide were allowed to synthesize interferon in the absence of cycloheximide at 32°. Fresh medium containing cycloheximide, puromycin, or no inhibitor was added to groups of cultures 22 hr after the original reversal of cycloheximide action. The amount of interferon produced was determined within 1 and 7 hr after this treatment. It was expected that the release of the intracellular interferon synthesized before the addition of the inhibitors would be completed within the first hour of the treatment with the inhibitors. However, further synthesis, as measured by the amount of interferon produced into the medium 6 hr later, should be greatly reduced in the presence of cycloheximide or puromycin. These predictions were borne out by the experimental results.
Effect of Incubation Temperature on the Rate of Decline of Cellular Protein Synthesis in Actinomycin-Treated Cells. The following experiment was devised to determine whether the rate of decline of overall cellular protein synthesis after the arrest of RNA synthesis would also be affected by incubation temperature. A group of cultures was treated with actinomycin D for 60 min while another group received control medium. After this treatment, half of the actinomycintreated and control cultures were shifted to 320, the rest of the cultures were kept at 37°. At various intervals thereafter groups of cultures were labeled with ["4C]leucine for 60 min at the respective temperatures (Fig. 3) .
Amino-acid incorporation increased initially in all groups and peaked at 2 hr. This increase was undoubtedly the result of the preceding medium change. In actinomycin-free cells, protein synthesis then proceeded at a steady rate between 4 and 36 hr.
[14C]Leucine incorporation during this period was about 40% less at 320 than at 370, reflecting the less efficient functioning of the protein-synthesizing machinery at the lower temperature, which was also confirmed in other experiments (Havell and Vilbek, in preparation Superinduction has been most thoroughly studied with steroid-induced tyrosine aminotransferase in cultures of rat hepatoma cells (20) . Induction in this system is characterized by about a 2-hr lag period, followed by gradual increase of enzyme activity to a plateau level which is about 10 times higher than the basal level of enzyme in uninduced cells. The induced level is maintained for as long as the inducer is present in the cultures. Addition of actinomycin D during the early stages of induction suppressed enzyme induction but its addition to fully induced cells resulted in about a 3-fold increase in enzyme activity.
Tomkins et al. (5, 6) have proposed that the increase in enzyme activity after the addition of actinomycin D is the result of enhanced enzyme synthesis. To explain the mechanism of this phenomenon they postulated the existence of a labile regulatory protein that prevents the translation and promotes degradation of enzyme mRNA. The synthesis of this regulatory protein is thought to be rapidly inhibited by actinomycin D, and treatment with this inhibitor thus causes the "rescue" of stable enzyme mRNA which would otherwise not be available for translation. This explanation has not been quite universally accepted. Reel and Keeney (7) proposed that superinduction of tyrosine aminotransferase can be explained by a decreased degradation of the enzyme in actinomycin D-treated cells. Schimke et al. (8) suggested that actinomycin treatment produces a relative increase in the concentration of stable mRNA which, in turn, can be more efficiently translated.
Poly(I) * poly(C)-stimulated interferon production could also be superinduced by the addition of actinomycin D late during the induction process (11) . The resulting increase in interferon levels was small, not unlike that reported with other inducible systems. Superinduction of interferon by actinomycin appeared to involve new synthesis of interferon because it was blocked in the presence of puromycin.
The superinduction of interferon production through the action of inhibitors of protein synthesis (10), or through the combined action of inhibitors of protein synthesis and actinomycin D (2, 3), is much more striking; it can result in up to a 100-fold increase in interferon activity over that obtained in cultures exposed to the inducer alone (9, 16, 17) . A similar superinducing action of inhibitors of protein synthesis has not been reported for other inducible systems.
The results reported in this communication suggest that cycloheximide and other inhibitors of protein synthesis act by increasing the amount of interferon mRNA available for translation in cells stimulated with poly(I) * poly(C). Although direct evidence is not available, it seems reasonable to assume that inhibitors of protein synthesis act by promoting the stability of interferon mRNA. Since various inhibitors of protein synthesis share this activity, the effect is likely to be indirect. Thus, our results essentially support the idea of a regulatory protein acting on the mRNA, as postulated by Tomkins et al. (5, 6) .
Further evidence for post-transcriptional regulatory mechanisms comes from the experiment showing that the duration of the period during which interferon synthesis proceeds at a high rate after the reversal of cycloheximide action can be influenced by actinomycin D as well as by incubation temperature (Fig. 1) . Actinomycin D is likely to act by preventing the synthesis of the regulatory protein after the reversal of cycloheximide action (3) . The lowering of incubation temperature, on the other hand, may have a direct stabilizing effect on cellular mRNA (21), although stabilization of some other actinomycin D-sensitive component that is rate-limiting in protein synthesis cannot be ruled out.
The conclusion that inhibitors of protein synthesis indirectly produce an increase in the amount of functional interferon mRNA available for translation offers an explanation of the relative resistance of poly(I) -poly(C)-induced interferon production to inhibitors of protein synthesis (10, (15) (16) (17) 22) . It would appear from the results shown in Table 2 that cycloheximide or puromycin inhibited interferon production by only 50 or 75%, respectively, as compared to cells induced in the absence of inhibitors of protein synthesis. However, when a comparison is made between the amount of interferon produced in the presence of cycloheximide or puromycin and in similarly treated cultures after the reversal of inhibitor action, the interferon yields from the former cultures are only about 1% of the yields from the latter cultures. In other words, the potential to produce interferon is much greater in cells induced in the presence of inhibitors of protein synthesis (apparently as a result of increased levels of functional interferon mRNA) than in the control induced cells, and a simple comparison of the interferon yields with the rates of overall protein synthesis may be misleading.
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